
Medicinal chemistry 


Pillaiyar et al., Med chem 2015, 5:8 
DOI: 10.4172/2161-04 44.1000287 


Review Article 


Open Access 


Middle East Respiratory Syndrome-Coronavirus (MERS-CoV): An Updated 
Overview and Pharmacotherapeutics 

Thanigaimalai Pillaiyar 1 *, Manoj Manickam 2 and Sang-Hun Jung 2 

Pharmaceutical Institute, Pharmaceutical Chemistry I, University of Bonn, Bonn, Germany 

2 College of Pharmacy and Institute of Drug Research and Development, Chungnam National University, Daejeon, South Korea 


Abstract 

In 2012, a novel human coronavirus (CoV) associated with severe respiratory tract infection, Middle East 
Respiratory Syndrome (MERS-CoV) was first recognized and since then 1401 patients were infected across the 
world (26 countries) with this virus, 543 (-39%) of which died. The diseases present severe respiratory infection 
often with shock, acute kidney injury and coagulopathy. Its human-to-human transmission through close contact has 
raised a global concern about its potential pandemic. This review describes the strategies used to develop effective 
pharmacotherapeutics for MERS-CoV, which are based on the experience gained from SARS-CoV outbreak in 2003. 
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Abbreviations: hCoV: Human Coronavirus; MERS: Middle 
East Respiratory Syndrome; SARS: Severe Respiratory Syndrome; 
RNA: Ribonucleic Acid; DPP4: Dipeptidyl Peptidase 4; PLpro: 
Papain-Like Protease; 3CL-Pro: 3C-like Protease; HCoV-OC43: 
Human Coronaviruses OC43; HCoV-229E: Human Coronaviruses 
229E; HCoV-EMC: Human Coronavirus-Erasmus Medical Center; 
TMPRSS2: Transmembrane Protease, Serine 2; RdRp: RNA 
Dependent and RNA Polymerase; Nsp: Non-Structural Protein; ACE- 
2: Angiotensin Converting Enzyme-2; CEACAM: Carcinoembryonic 
Antigen-Related Adhesion Molecules; SP: Signal Peptide; FP: Fusion 
Peptide; HR: Heptad Repeat; TM: Transmembrane; CP: Cytoplasmic 
Domain; RBD: Binding Domain; S: Spike; ADA: Adenosine 
Deaminase; Mab: Monoclonal Antibody; CPE: Cytopathic Effect; 
6-HB: Six-Helix Bundle; HIV: Human Immunodeficiency Virus; 
DNA: Deoxyribonucleic Acid; MHV-2: Mouse Hepatitis Virus-2; 
ABL-1: Homolog-1 Pathway; IFN: Interferon; IFNTM: Interferon 
Transmembrane; NEM: N-ethyl Maleimide; 6-TG: 6-Thioguanine; 
6MP: 6-Mercaptopurine; 6-TG: 6-Thioguanine; CNS: Central Nervous 
System 

Introduction 

At first, human coronaviruses were identified in 1960 as the 
causative agents for the first mild respiratory infections and were 
subsequently named as human coronaviruses 229E (HCoV-229E) and 
human coronaviruses OC43 (HCoV-OC43) [1,2]. In 2003, the new 
human coronavirus was identified as an etiological agent of the first 
global pandemic of the 21 st century, severe-acute respiratory syndrome 
(SARS) and the virus was named as SARS-CoV. SARS is an atypical 
form of pneumonia; affected more than 800 people across three 
continents with a mortality rate about 10% [3-6]. In the aftermath of 
SARS epidemic, two additional human coronaviruses such as HCoV- 
NL63 in 2004 [7] and HCoV-HKUl in 2005 [8] as well as at least 60 
novel bat associated Co Vs, including some closely related to SARS- 
CoV, were identified [9]. 

Most recently, a novel human coronavirus called Middle East 
respiratory syndrome coronavirus (MERS-CoV); previously called 
human coronavirus-Erasmus Medical Center (HCoV-EMC) was 
discovered by Zaki et al. in Saudi Arabia in 2012 [10,11] and spread to 
26 countries, including United Arab Emirates, Jordan, Qatar, Egypt, 
the United Arab Emirates, Kuwait, Turkey, Oman, Yemen, Lebanon, 


Algeria, Malaysia, Bangladesh, Indonesia (none were confirmed), 
Austria, [12] Tunisia, the United Kingdom, France, Germany, Greece, 
Netherlands, South Korea [13,14], the United States [15,16], China [17] 
Thailand [18], and the Philippines [19] (Table 1). As of July 2015, a total 
of 1401 patients were infected with this virus, of which 543 (-39%) died 
[20-22]. Even though the transmission rate is comparatively slow when 
compared to SARS-CoV, the MERS-CoV infection continues to grow. 

Coronaviruses belong to one of the two subfamilies of Coronavirinae 
and Torovirinae in the family of Coronaviridae, which inturn comprise 
the order, Nidovirales (Figure 1) [23,24]. Coronaviruses are classified 
into four genera (a, /?, y, S) and each genus can be further divided 
into lineage subgroups. SARS-CoV and MERS-CoV belong to lineage 
£ b’ and £ c’ of Betacoronavirus respectively. However, MERS-CoV 
constitutes a sister species in the group £ c’ along with bat coronaviruses 
HKU4 and HKU5 [25,26]. The close relationship of MERS-CoV to 
HKU4 and HKU5 suggests a zoonotic origin bat coronaviruses. The 
reports strengthen that Camels and Egyptian cave bats are likely to be 
major intermediate hosts for MERS-CoV infection [27,28]. Human- 
to-human transmission has now alarmed the healthcare societies with 
a higher prevalence in immunocompromised patients or patients with 
underlying the diseases [29,30]. The MERS infection resembled SARS, 
as both are human Co Vs and exhibit severe respiratory infection with 
extra-pulmonary involvements and high case of fatality-rate. However, 
the additional unique symptom of MERS-CoV infection is associated 
with renal failure. The recent study shows that central nervous system 
(CNS) could be another target of MERS infection as three cases 
involved with neurological symptoms [31]. 

Intervention of MERS-CoV Infection 

The emergence of MERS-CoV and the retransmission of SARS- 
CoV from zoonotic reservoirs to humans [32-34] have enhanced the 
concern of possible repetition of the 2003 SARS episode. One of the 
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Reporting country 

Cases 


Total 

Deaths 

Middle East 

2012 

2013 

2014 

2015 

Saudi Arabia 

5 

136 

679 

237 

1057 

467 

United Arab Emirates 

0 

12 

57 

11 

81 

11 

Jordan 

2 

0 

10 

7 

19 

6 

Qatar 

0 

7 

2 

4 

13 

5 

Oman 

0 

1 

1 

4 

6 

3 

Iran 

0 

0 

5 

1 

6 

2 

Kuwait 

0 

2 

1 

0 

3 

2 

Egypt 

0 

0 

1 

0 

1 

0 

Lebanon 

0 

0 

1 

0 

1 

0 

Yemen 

0 

0 

1 

0 

1 

1 

Europe 

2012 

2013 

2014 

2015 



United Kingdom 

1 

3 

0 

0 

4 

3 

Germany 

1 

1 

1 

0 

3 

2 

France 

0 

2 

0 

0 

2 

1 

Netherlands 

0 

0 

2 

0 

2 

0 

Greece 

0 

0 

1 

0 

1 

1 

Turkey 

0 

0 

1 

0 

1 

1 

Austria 

0 

0 

1 

0 

1 

0 

Italy 

0 

1 

0 

0 

1 

0 

Asia 

2012 

2013 

2014 

2015 



China 

0 

0 

0 

1 

1 

0 

Malaysia 

0 

0 

1 

0 

1 

1 

Philippines 

0 

0 

0 

3 

3 

0 

South Korea 

0 

0 

0 

185 

185 

36 

Thailand 

0 

0 

0 

1 

1 

0 

Rest of the world 

2012 

2013 

2014 

2015 



Algeria 

0 

0 

0 

2 

2 

1 

Tunisia 

0 

3 

0 

0 

3 

1 

United States of America 

0 

0 

2 

0 

2 

0 

Total 

9 

168 

769 

455 

1401 

543 


Table 1: Confirmed MERS cases and deaths by country of reporting (March 2012- 
July 2015) [21,22], 


important challenges in the epidemic of MERS-CoV is that no effective 
therapeutics is currently available. Therefore, developing treatments is 
paramount important to save lives and stop MERS-CoV to spread. 

Coronaviruses are enveloped, single-stranded positive-sense 
RNA virus, extraordinarily a large RNA genome ranging from 
26-36-kilobases. Coronaviruses contain proteins that contribute 
the overall structure; spike (S), Envelop (E), membrane (M) and 
neucleocapsid (Figure 2). 

The search for antiviral agents in the post coronavirus outbreak 
(SARS-CoV) resulted in the identification of several anti-viral targets 
for MERS-CoV. First, the antiviral agent that may target coronavirus 
entry and spread are concerned with targeting the coronavirus spike 
protein; virus replication begins after the entry to the host cells through 
its spike protein (S), and upon the entry, the virus particle is uncoated 
and ready for translation. Second, the antiviral agents those targeting 
the proteases; both 3CL pro and PL pro are essential for replication, making 
them attractive targets. Third one targets the replicases (helicases); 
required for virus replication in host cells, and thus may serve as a 
feasible target for anti-MERS therapy (Figure 2). Further inhibition 
of virus replication, interfering with the host immune response and 
a combination therapy also take part in the classification of antiviral 
agents. This review describes the strategies used to develop effective 
pharmacotherapeutics for MERS-CoV by comparing with its close 
associated coronaviruses, especially SARS-CoV; a highly pathogenic 
human coronavirus outbreak emerged in 2003. Since the clinical, 
epidemiological and virological features for MERS-CoV are very 
similar to SARS-CoV, we have compared SARS-CoV with MERS- 
CoV for the readers to understand and thus it would be helpful for the 
development of new therapeutics. 

Viral Entry or Fusion Inhibitors 

In order to better understand the biology of coronaviruses, timely 
identification of receptor could reveal important clues to its zoonotic 
transmission, and its pathogenicity and therefore important to design 
possible pharmacotherapies. Additionally, surface receptors play an 
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Figure 1 : Schematic representation of taxonomy of Coronaviridae (according to the International Committee on Taxonomy of Viruses). Both SARS-CoV and MERS- 
CoV belong to the genus of Betacoronavirus but with different lineages. * Coronaviridae is together with Arte riviridae, Mesoniviridae, and Roniviridae in the family. 
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Figure 2: (A) Structure of Coronavirus and (B) anti-viral targets for MERS-CoV. (Ab: Antibody; DPP4: Dipeptidase Peptidyl 4; TMPRSS2: Transmembrane Protease, 
Serine 2; PL pro : Papain-like Protease; 3CL pro : 3-C-like Protease; RdRp: RNA dependent and RNA polymerase; nsp: Non-Structural Protein). 
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important role in initiating virus entry into the host cells, thereby 
playing a major role in the tissue and host species tropism of viruses. 
Angiotensin converting enzyme-2 (ACE-2) was identified as a receptor 
for SARS-CoV, as it is attached to the defined specific receptor domain 
on S mediates the virus entry [35]. Some betacoronaviruses uses 
immunoglobulin-related carcinoembryonic antigen-related adhesion 
molecules (CEACAM) to enter cells, whereas for several alpha- and 
beta-coronaviruses [36], two peptidase have been recognized as cellular 
receptors [37,38]. Therefore inhibition of MERS-CoV binding to the 
cellular receptor of the host may be a promising approach for the 
treatment. 

Like other coronavirus, MERS-CoV enters into the target cell either 
through endocytosis or plasma membrane fusion, while the latter is an 
important pathway. Similar to SARS-CoV, MERS-CoV binds to the 
host cells through interaction between the receptor binding domain 
(RBD) in its spike protein (s) and its receptor dipeptidyl peptidase-4 
(DPP4) [39-41]. The recent study confirmed that MERS-CoV does not 
rely on the same receptor as SARS-CoV uses angiotensin converting 
enzyme-2 (ACE-2) for the cell entry [42]. 

This S protein of MERS-CoV is type I transmembrane glycoprotein 
which contains 1353 amino acids and can be cleaved into two 
subunit SI and S2 (Figure 3A). The SI subunit which contains RBD is 
responsible for binding to the target cellular receptor and S2 mediates 
the membrane fusion. Dipeptidyl peptidase-4 (DPP4, Figure 3B) also 
known as adenosine deaminase (ADA)-complexing protein-2 or CD26, 
was recently identified as a key functional receptor of the host cell for 
this virus [39], with the exception of mouse DPP4 [43]. MERS-CoV is 
the first that has been identified to use DPP-4 as a functional receptor 
for the entry into the cells [39]. DPP4 is an intrinsic 766-amino acid- 
long type II transmembrane gylcoproteins, expressed as a homodimer 


on the cell surface, which is involved in the cleavage of dipeptides 
[39,44]. It plays a major role in the glucose metabolism and is associated 
with various immunological functions, chemotaxis modulations, cell 
adhesions and apoptosis [39,44]. In human, the expression of DPP4 
was found predominantly on the bronchial epithelial and alveolar cells 
in the lower parts of the lungs [44,45]. 

Viral entry inhibitors targeting RBD of SI subunit in the S 
protein (cellular receptor dipeptidyl peptidase-4 (DPP4) 

The binding motif of RBD in SI subunit binds to the side surface 
of DPP4, in which the interaction is very similar to the interaction 
between ADA and DPP4 [39]. An in vitro study of MERS infection in 
ferret, known to be susceptible for many respiratory viruses, including 
SARS-CoV and influenza virus, revealed that adenosine deaminase, a 
DPP4 binding protein, competed for virus binding and acts as natural 
antagonist for MERS-CoV infection [39]. However, a screening of 
typical DPP4 inhibitors such as sitagliptin, vildagliptin and saxagliptin 
(see the structures in Figure 4) do not block the MERS-CoV infection 
[39]. This result has given a crucial point that the development of 
effective therapeutic and vaccines that target the binding interface 
between the SI domain (RBD) of virus and receptor DPP4 may prove 
to be a promising approach for the effective treatment of MERS CoV 
infection. 

Targeting RBD, two kinds of highly specific human monoclonal 
antibodies (MERS-4 and MERS-27) were identified using a non- 
immune yeast-displayed scFv library to screen against the recombinant 
MERS-CoV RBD. The most potent mAb, MERS-4 showed potent 
neutralizing activities against pseudotyped MERS-CoV infection in 
DPP4-expressing Huh-7 cells with the IC 50 value of 0.056 pg/mL and 
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Figure 3: Structure of MERS-CoV S protein. (A): Structure of MERS-CoV S protein compared with SARS-CoV S Protein (B) SP: Signal Peptide; FP: Fusion Peptide; 
HR1: Heptad Repeat 1 Domain; HR2: Heptad Repeat 2 Domain; TM: Transmembrane; CP: Cytoplasmic Domain. 
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Figure 4: Structure of typical DPP4 inhibitors. 
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inhibited the formation of MERS-CoV-induced CPE during live MERS 
infection of permissive Vero E6 cells with an IC of 0.5 pg/mL [46]. 

In addition, the other human monoclonal antibodies (mAh), m336, 
m337 and m338 from a very large naive-antibody library (containing 
-10(11) antibodies) were tested against live MERS-CoV and found 
these are the first fully human mAbs to neutralize the pseudovirus and 
live virus with exceptionally high neutralizing activity for MERS-CoV 
[47]. Especially the most potent mAh, m336 inhibited >90% MERS- 
CoV pseudovirus infection (IC ) in DPP4-expressing Huh-7 cells at 
a concentration of 0.039 pg/mL. The highest affinity of m336 showed 
the most potent live MERS-CoV neutralizing activity in inhibiting the 
formation of MERS-CoV-induced cytopathic (CPE) during live MERS 
infection of permissive Vero E6 cells with an IC 50 value of 0.07 pg/mL. 


Tang et al. discovered neutralizing mAbs by using a non-immune 
yeast-displayed scFv library [48]. The most potent antibody, 3B11, 
neutralized live MERS-CoV in the plaque reduction neutralization 
tests with an IC of 1.83 pg/mL. 

Du et al. identified a recombinant protein containing a 212-amino 
acid fragment (residues 377-588) in the truncated RBD (residues 372- 
606) in the SI subunit of MERS-CoV S protein fused with Fc receptor 
of human IgF (S377-588-Fc) [49]. This protein, denoted as S377-588- 
Fc, efficiently binds to the MERS-CoV receptor, DPP4, and potently 
inhibited MERS-CoV infection in DPP4 expressing cells. Particularly 
the truncated protein S377-588-Fc of MERS-CoV S protein induced 
strong MERS-CoV S-specffic antibodies in vaccinated mice, blocking 
the binding of MERS-CoV to its cellular receptor DPP4 and effectively 
neutralizing MERS infection. 
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Viral entry inhibitors targeting RBD of S2 subunit in the S 
protein (cellular receptor dipeptidyl peptidase-4 (DPP-4) 

S Protein of coronavirus plays indispensable roles in receptor 
recognition, membrane fusion and thereby initiating the infection. In 
this process, heptad repeats 1 and 2 (HR1 and HR2) of the S protein 
assemble into a complex called six-helix bundle (6-HB) fusion core 
structure, which represents a key membrane fusion architecture. 
The discovery of T20, an HR2 peptide was approved by the US FDA 
as the first HIV fusion/entry inhibitor, has opened a new avenue to 
identify and develop peptidic viral entry inhibitors against enveloped 
viruses with class 1 fusion proteins such as Nipahvirus, Hendravirus, 
Ebola virus and other paramyxoviruses, Newcastle disease virus, 
simian immunodifficiency virus, feline immunodeficiency virus and 
respiratory syncytial virus [50-53]. 

Cao et al. [54] and later Lu et al. [55] studied the structure and 
function of the heptad repeat domains HR1 and HR2 in the S protein 
S2 subunit of MERS-CoV (Figure 5), particularly six-helix bundle 
fusion core structure formed by the HR1 and HR2 domains, with the 
aim of designing a novel candidate as MERS-CoV fusion inhibitor. 
The HR sequences were variably truncated and then connected with 
a flexible amino acid linker. As a result, two heptad repeat peptides 
HR1P and HR2P, spanning amino acid residues in HR1 and HR2 
domains, respectively, were identified as potent inhibitors of MERS- 
CoV replication, inhibiting MERS-CoV S protein mediated cell-cell 
fusion [55]. More specifically, HR2P was the most potent in inhibiting 
MERS-CoV S protein mediated cell-cell fusion and six-helix bundle 
fusion core formation. HR2P could effectively inhibit MERS-CoV 
replication in Vero cells in a dose-dependent manner (IC 50 value of 
~ 0.6 pM) with low or no in vitro toxic effect. (Selectivity index for 
HR2P is >1,667). Addition of hydrophilic residues into HR2P resulted 
in significant improvement of its stability, solubility and antiviral 
activity. It was interesting to note that MERS-CoV HR2P could not 
inhibit SARS-CoV pseudo virus infection in 293T/ACE2 cells, while 
the SARS-CoV HR2P peptide SC-1 was effective in inhibiting SARS- 


CoV infection, indicating that HR2P peptide is a MERS-Specific fusion 
inhibitor. 

Repurposing of clinically developed drugs targeting viral 
entry 

First and foremost need for the MERS epidemic is more 
countermeasures that can be used to control, at least, the early 
episode of an epidemic to provide an immediate treatment response 
while appropriate therapies are being developed. Given the time and 
cost associated with the intellectual right for developing the novel 
pharmaceutics, one feasible and rapid advancement in the drug 
discovery is repurposing of existing clinically approved drugs. This 
approach has several advantages; including availability, lower cost, and 
safety/tolerability. 

Screening of a library of drugs either clinically developed or with 
a well-defined cellular pathway from different classes of therapeutics 
identified a series of compounds with activity against MERS-CoV, 
SARS-CoV and both together [56,57] (Table 2). These compounds were 
grouped into 16 different therapeutic classes based on their recognized 
mechanism of action. Drugs that inhibited both coronaviruses included 
neurotransmitter inhibitors, estrogen receptor antagonists, kinase 
signaling inhibitors, protein-processing inhibitors, inhibitors of lipid or 
sterol metabolism and inhibitors of DNA synthesis or pair. Antidiarrheal 
agent or HIV -1 protease inhibitor were identified to inhibit MERS-CoV 
infection in the low-micromolar range. Antiparasitics or antibacterials 
in which those function was not obviously linked to coronaviruses 
in general, showed antiviral activity against MERS-CoV. Cathepsin 
inhibitor, E-64-D, blocked the MERS-CoV and SARS-CoV: cathepsins 
are important for the fusion step during virus entry of coronavirus [58]. 
Two of the neurotransmitter inhibitors, including chloropromazine 
hydrochloride and triflupromizine inhibit the dopamine receptor 
that led to inhibit both SARS-CoV and MERS-CoV. The similarity 
of chlorpromazine hydrochloride and flupromizine in the chemical 
structure would suggest that the inhibition of these coronaviruses have 
the same mechanism of action. Chloropromazine hydrochloride, an 
inhibitor of clathrin-mediated endocytosis for virus entry, reported 
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Figure 5: (A) Schematic representation of MERS-CoV S protein S2 subunit. FP: Fusion Peptide; HR1: Heptad Repeat 1 Domain; HR2: Heptad Repeat 2 Domain; 
TM: Transmembrane; CP: Cytoplasmic domain. (B) Sequence similarities between the H1R and H2R domains in S2 of SARS-CoV and H1R and H2R domains in 
S2 of MERS-CoV (For MERS-CoV: HR1P, residues 986-1055 and HR2P, residues 1246-1285; for SARS-CoV: HR1P, residues 894-963 and HR2P, residues 1144- 
1183). Identical amino acids are highlighted in red color. The figure was simplified from the picture reported by Lu et al. [55]. 
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Pharmaceutics 

Class 

MERS-CoV 

ec 50 (mM) 

SARS-CoV 

ec 50 (pM) 

Emetine dihydrochloride hydrate 

Antibacterial agent 

0.014 

0.051 

Chloroquine diphosphate 

Antiparasitic agent 

6.27 

6.53 

Hydroxychloroquine sulfate 

Antiparasitic agent 

8.27 

7.96 

Mefloquine 

Antiparasitic agent 

7.41 

15.55 

Amodiaquine dihydrochloride dihydrate 

Antiparasitic agent 

6.21 

1.27 

loperamide 

Antidiarrheal agent 

4.8 

5.90 

Lopinavir 

HIV-1 inhibitor 

8.0 

24.4 

E-64-D 

Cathepsin inhibitor 

1.27 

0.76 

Gemcitabine hydrochloride 

DNA metabolism inhibitor 

1.21 

4.95 

Tamoxifen citrate 

Estrogen receptor inhibitor 

10.11 

92.88 

Toremifene citrate 

Estrogen receptor inhibitor 

12.91 

11.96 

Terconazole 

Sterol metabolism inhibitor 

12.20 

15.32 

Triparanol 

Sterol metabolism inhibitor 

5.28 


Anisomycin 

Protein-processing inhibitor 

0.003 

0.19 

Cycloheximide 

Protein-processing inhibitor 

0.189 

0.04 

Homoharringtonine 

Protein-processing inhibitor 

0.071 


Benztropine mesylate 

Neurotransmitter inhibitor 

16.62 

21.61 

Fluspirilene 

Neurotransmitter inhibitor 

7.47 

5.96 

Thiothixene 

Neurotransmitter inhibitor 

9.29 

5.31 

Chlorpromazine hydrochloride 

Neurotransmitter inhibitor 

9.51 

12.97 

Fluphenazine hydrochloride 

Neurotransmitter inhibitor 

5.86 

21.43 

Promethazine hydrochloride 

Neurotransmitter inhibitor 

11.80 

7.54 

Astemizole 

Neurotransmitter inhibitor 

4.88 

5.59 

Chlorphenoxamine hydrochloride 

Neurotransmitter inhibitor 

12.64 

20.03 

Thiethylperazine maleate 

Neurotransmitter inhibitor 

7.86 


Triflupromazine hydrochloride 

Neurotransmitter inhibitor 

5.75 

6.39 

Clomipramine hydrochloride 

Neurotransmitter inhibitor 

9.33 

13.23 

Imatinib mesylate 

Kinase signaling inhibitor 

17.68 

9.82 

Dasatinib 

Kinase signaling inhibitor 

5.46 

2.10 


Table 2: Compounds with activity against MERS-CoV and SARS-CoV. 


to inhibit the replication of alphaviruses (hCoV-229E), hepatits C 
virus, infectious bronchitis virus and mouse hepatitis virus-2 (MHV- 
2) [59-63]. These studies suggest that the drug chlorpromazine may 
act similarly on these viruses and have potential as a broad-spectrum 
coronavirus inhibitor. In addition to that, three neurotransmitter 
inhibitors (chloropromazine, promethazine, and fluphenazine) were 
reported to inhibit MERS-CoV S protein mediated cell-cell fusion with 
IC 50 values of about 20, 20 and 29 pM, respectively [64]. 

Kinase signaling pathway inhibitors imatinib mesylate and 
dasatinib are known inhibitors of the Abelson murine leukemia viral 
oncogene homolog-1 pathway (ABL-1), and active against both MERS- 
CoV and SARS-CoV. The data suggest that the ABL-1 pathway may be 
important for the viral replication and inhibitors of this pathway may 
have the potential in the discovery of antiviral agents. 

The identified DNA synthesis inhibitors (for instance, Gemcitabine 
hydrochloride) those were active against at least one coronavirus, 
suggesting that these drugs have potential as antiviral therapy 
coronaviruses. Toremifine citrate is an estrogen receptor 1 antagonist 
that inhibits both MERS-CoV and SARS-CoV with EC 50 of 12.9 and 
11.97 pM respectively. 

The interferon (IFN) response is an integral component of innate 
immunity against viral infections and the IFN-induced transmembrane 
proteins (IFNTM) 1 to 3 inhibit infections of several enveloped 
viruses [65-67] including hCoV-229E [68] and SARS-CoV [69]. The 
inhibition usually occurs during the fusion of viral membrane with an 
endosomal membrane [65,70-72], and might be due to an IFN-induced 
accumulation of cholesterol in late endosomes. Recent report suggested 
that MERS-CoV is sensitive to inhibition by IFITM proteins [73]. In 


293T cells, IFITM-mediated inhibition of SARS-CoV or MERS-CoV 
entry was less efficient than blockade of human coronaviruses 229E 
and NL63. However, the similar difference was not observed in A549 
cells, suggesting that cellular context and/or IFITM protein expression 
levels can influence inhibition efficacy. 

Interferon Therapy 

MERS-CoV elicits attenuated innate immune responses with 
delayed proinflammatory cytokine induction in cell culture and in vivo 
[74,75]. It is inhibited by type 1 interferons IFN-a, IFN-(3 and IFN-X 
more effectively than SARS-CoV. Especially, IFN-(3 has a significant 
in vitro antiviral effect on MERS-CoV than SARS-CoV, suggesting a 
potential therapeutic use for interferons. The Interferon-alfa therapy 
was reported be effective for patients with probable SARS, treated with 
corticosteroids or corticosteroids plus subcutaneous interferon alfa- 
consensus-1 [76]. 

Ribavirin was extensively used in SARS patients without any 
beneficial effect and was complicated by haemolytic anaemia and 
metabolic disturbances in many cases [77,78]. In vitro study of ribavirin 
combined with interferon exhibit anti-MERS-CoV activity [79] and it 
was observed that the activity of interferon was enhanced by adding of 
ribavirin [80]. A combination therapy using interferon and ribavirin 
was tried in 5 patients with MERS; the median time from admission 
to therapy was 19 days [81]. The treatment was given to severely ill 
patients and none of the cases were responded to the therapeutic 
intervention and all died of their illness. This may probably be the late 
administration of the combination therapy in the critical stage of the 
disease [81]. 
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Protease Inhibitors 

Protease plays an indispensable role during virus life cycle: it 
is essential for viral replication by mediating the maturation of viral 
replicases and thus becomes an attractive target of potential antiviral 
drugs. Protease inhibitors block the replication of coronaviruses 
(CoVs), including the causative agents of MERS and SARS infection 
providing a promising foundation for the development of new antiviral 
agents. 

Both and MERS and SARS coronaviruses are enveloped, single- 
stranded positive-sense RNA virus, extraordinarily a large RNA 
genome ranging from 26-36-kilobases. Each of their genes encodes 
two replicase polyprotein ppla and pplb that are processed by viral 
proteases, the papain-like protease (PL pro ) and a 3C-like protease 
(3CL pro also known as the main protease). PL pro is responsible for 
cleavage at first three position of its polyprotein to produce 3 non- 
structural proteins, while 3CL pro cleaves the remaining 11 locations, 
releasing non-structural proteins from nsp4 to nspl6. As a result, 
sequence motifs recognized by MERS-CoV PL pro and SARS-CoV PL pro 
are (L/I)XGG^(A/D)X and LXGG^(A/K)X, respectively (Figure 6). 

Papain-like protease (PL pro ) inhibitors 

High-throughput screening of molecule library containing 25,000 
chemical entities against both PLpro enzymes of MERS-CoV and 
SARS-CoV identified a novel covalent low molecular weight dual 
inhibitor (Figure 7A) [82]. This was the first MERS-CoV PL pro inhibitor 
published to date. The mode of action suggested that this compound 
acts as a competitive inhibitor against MERS-CoV with an IC 50 value of 
6 pM, while the same acts as an allosteric inhibitor against SARS-CoV 
(IC 11 pM). It was interesting to note that the previously reported 
MERS-CoV PL pro inhibitors (Figure 7B-7E) [83-86] were not active 
against SARS-CoV PL pro , which infers the difference in the binding 
mode of both PL proteases. The difference was clearly explained in 


the recent study, two SARS-CoV PL pro complex crystal structures with 
the lead inhibitors (C and D) revealed that inhibitors bind not to the 
catalytic site of SARS CoV PL pro but to the BL2 loop, blocking the 
entrance of active site. The BL2 appears to prevent the accessibility of 
substrate to the active site, and thereby inhibiting of enzymatic activity. 
Structural and sequence analysis at BL2 loop of SARS-CoV PL pro 
revealed that the two residues Y269 and Q270 responsible for inhibitor 
binding, are replaced by T274 and A275 in MERS CoV PL pro , making 
difficult for SARS-CoV PL pro inhibitors binding to MERS-CoV 3CL pro . 

In anti-viral therapy, PL pro has been shown to be an important 
target as it is a multifunctional protein involved in deubiquitination, 
de-ISGylation (ISG: Interferon-Stimulated Gene), and viral evasion 
of the innate immune response in addition to its proteolytic activity. 
6-Thiopurine analogues and N-ethyl maleimide (NEM) as well as the 
immunosuppressive drug, mycophenolic acid, were all independently 
able to inhibit the proteolytic activity and deubiqutination of MERS- 
CoV PL pro (Table 3) [87]. Compared with NEM, 6MP and 6-TG were 
more effective inhibitors, while mycophenolic acid was a less effective 
inhibitor against the MERS-CoV PL pro . 

3C-like protease (3CL pro ) inhibitors 

Ren et al. found that the wide-spectrum anti-CoV inhibitor N3 
(Figure 8) can inhibit the proteolytic activity of MERS-CoV 3CL pro with 
an IC of 0.28 pmol/L and by solving the crystal structure of MERS- 
CoV 3CL pro with inhibitor N3 confirms that inhibition of protease 
through a similar mechanism to other CoVs [88]. 

AG7088, a potent inhibitor of rhinovirus 3C pro with Michael 
acceptor functionality, failed to inhibit SARS-CoV 3CL pro [89]. 
Interestingly, a series of AG7088 analogues were reported to combat 
Co Vs by targeting 3CL pro [90]. The screening of SARS-CoV 3CL pro 
peptidomimetics (M-l to M-10; Figure 8) which contain a Michael 
acceptor, (i.e., a,p-unsaturated carbonyl) [91-93], displayed inhibition 
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Figure 6: Outline of SARS and MERS-coronaviruses polyproteins. (A) Cleavage positions of PL pro and 3CL pro are shown by arrows (B) Cleavage site comparison 
between SARS and MERS PL pro enzymes (For SARS-PL pro : (L/I)XGGRA/D)X and for MERS-PL pro : LXGGRA/K)X). This figure was inspired from Lee et al. [82]. 
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Figure 7: A hit compound (A) of MERS-CoV PL pro obtained from HTS and SARS-CoV PL pro lead inhibitors (B-E). In anti-viral therapy, PL pro has been shown to be an 
important target as it is a multifunctional protein involved in deubiquitination, de-ISGylation (ISG: Interferon-Stimulated Gene) and viral evasion of the innate immune 
response in addition to its proteolytic activity. 6-Thiopurine analogues and A/-ethyl maleimide (NEM) as well as the immunosuppressive drug, mycophenolic acid, 
were all independently able to inhibit the proteolytic activity and deubiqutination of MERS-CoV PL pro (Table 3) [87]. Compared with NEM, 6MP and 6-TG were more 
effective inhibitors, while mycophenolic acid was a less effective inhibitor against the MERS-CoV PL pro . 
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Table 3: Structure and IC 50 of compounds against MERS-CoV PL protease. 


against MERS-CoV 3CL pro , especially compounds M-5 to M-8 showed 
comparatively good inhibitions with the Ki values in the micromolar 
range [94]. These compounds were basically reported for their 
inhibitory activity against SARS-CoV 3CL protease. Structure-activity 
relationship of these compounds show that the S2-subsite of MERS- 
CoV 3CLprotease is small and can only accommodate a smaller group 
P2-isobutyl but no bigger substitutions. 

These inhibitors provide an excellent starting point for the 
development of natural substrate mimicking (or peptidomimetics) 
compounds against MERS CoV 3CL protease. GRL-001, a 
5-chloropyridyl ester derived compound reported for the inhibition of 
SARS-CoV 3CL pro activity [86,95], has shown to block the replication 


of MERS-CoV 3CL pro [96]. This GRL-001 would serve as a potential 
lead for the future drug development for anticoronavirus therapy. 

Recent kinetic studies revealed that MERS-CoV 3CL pro is less 
efficient at processing a peptide substrate (Kd ~ 52 pM, but SARS- 
CoV 3CL pro ; IC 50 <50 nM) being a weekly associated dimer [94]. kinetic 
studies of peptidomimetic inhibitors contain a Michael acceptor 
group, known for irreversible binding, demonstrated that MERS-CoV 
3CL protease undergone a significant ligand-induced dimerization 
upon binding, the reaction of covalent bond formation with active site 
cysteine ensures the compete inhibition of enzyme at low molecular 
concentration. On the contrary, the non-covalent (or reversible) 
inhibitors act as activators at low concentration and the inhibition was 
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Figure 8: Structure of 3CL protease inhibitors contain Michael acceptor group (N3, AG7088, M-1 to M-8) and activated carbonyl functionality (M-9, M-10 and GRL-001). 


achieved only at high concentration. Based on this observation, the 
compounds that inhibit irreversibly MERS-CoV 3CL pro may serve as a 
starting point for the development of anti-MERS therapy. 

Replicase Inhibitors 

Targeting MERS-CoV helicase (nspl3) 

Helicases are ubiquitous proteins that are required for a wide range 


of biological processes, such as genome replication, recombination, 
displacement of proteins bound to NAs and chromatin remodeling. 
Helicase (nsP13) protein is a critical component, required for virus 
replication in host cells, and thus may serve as a feasible target for anti- 
MERS and anti-SARS chemical therapies. 

The recent approach was taken by Adedeji et al. [97,98], who 
recently reported a small 1,2,4-triazole derivative compound called 
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SSYA10-001 K22 

Figure 9: Structure of helicase inhibitor SYA10-001 and viral RNA synthesis 
inhibitor k22. 

SSYA10-001 (Figure 9) that inhibited the viral NTPase/helicase 
(known as nonstructural protein 13, nspl3) of both SARS-CoV and 
MERS-CoV. The antiviral activity of SSYA10-001 inhibits MERS- 
CoV and SARS-CoV replication with EC 50 values of 25 pM and 7 pM, 
respectively, and no significant cytotoxicity was observed even at 500 
pM. There have been, so far, no helicase inhibitors approved antiviral 
therapy and thus compound SSYA 10-001 could serve as potential lead 
for the development of effective broad spectrum anti-coronavirus 
drugs. 

Targeting membrane-bound viral RNA synthesis 

Like all RNA viruses, coronaviruses employ host cells membranes 
to assemble the viral replicase complex. This evolutionary conserved 
strategy provides a compartment for viral RNA synthesis, a crucial 
step in the coronavirus life cycle that is enriched in replicative viral 
and host cell-derived proteins and believed to protect from antiviral 
host cells defense mechanism. Antiviral agents that target membrane- 
bound coronaviral RNA synthesis, which is important for the 
replication represent a novel and attractive target. Lundin et al. [99] 
discovered an inhibitor, designated K22 that targets membrane-bound 
coronaviral RNA synthesis and showed potent antiviral activity of 
MERS-CoV infection with remarkable efficacy, illustrated by reduction 
of viral replication and substantial reduction of dsRNA in MERS CoV 
infected primary HEA cultures. MERS-CoV can readily replicate on 
primary HAE cells by infecting non-ciliated cells expressing the cellular 
receptor DPP4 [100]. 

Conclusion and Perspectives 

The Middle East respiratory infection-coronavirus (MERS- 
CoV) was identified in 2012 in Saudi Arabia and was recognized as a 
sixth human coronavirus identified to the date. The disease has been 
associated with a high-mortality rate; until June 2015, 1167 patients 
were infected across the world with this virus and 479 (41%) of which 
died. Alarmingly, the human-human transmission of this deadly virus 
has raised a global concern about the potential for MERS pandemic. 

A feasible and rapid advancement in the drug discovery for the 
development of effective chemotherapeutics against MERS-CoV can 
be achieved by repurposing the existing and clinically approved drugs. 

Unlike the PL pro inhibitors of SARS-CoV, the CL pro inhibitors of 
SARS-CoV showed inhibitory activity against MERS-CoV 3CL pro with 
almost similar level of potency. Thus, it should be highly considered 
that evaluating SARS-CoV 3CL pro inhibitors against MERS-CoV 3CL pro 
may provide promising leads for the development of new anti-MERS 
agents. 

The discovery of monoclonal antibodies (mAbs), especially m336 
with potent live MERS-CoV neutralizing activity and the HR2 peptide, 
a potent inhibitor of MERS-CoV S protein mediated cell-cell fusion 


may consider as advancements, and these should be considered taking 
into clinical studies for the treatment of MERS infection. 

Establishment of effective animal for the evaluation of efficacy of 
candidate vaccine is of foremost important. Unlike SARS-CoV, it has 
been shown that MERS-CoV is unable to replicate in small animal 
models like hamsters, ferrets and mice [80,101-103] significantly 
restricting the efficacy evaluation of MERS vaccines. 

The recent study shows that central nervous system (CNS) could 
be another target of MERS-CoV infection as three cases involved with 
neurological symptoms. Therefore patients with progressive or worse 
CNS findings are to be given special attentions. 

References 

1. Hamre D, Procknow JJ (1966) A new virus isolated from the human respiratory 
tract. Proc Soc Exp Biol Med 121: 190-193. 

2. McIntosh K, Dees JH, Becker WB, Kapikian AZ, Chanock RM (1967) Recovery 
in tracheal organ cultures of novel viruses from patients with respiratory 
disease. Proc Natl Acad Sci USA 57: 933-940. 

3. Drosten C, Gunther S, Preiser W, van der Werf S, Brodt HR, et al. (2003) 
Identification of a novel coronavirus in patients with severe acute respiratory 
syndrome. N Engl J Med 348: 1967-1976. 

4. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, et al. (2003) 
Characterization of a novel coronavirus associated with severe acute 
respiratory syndrome. Science 300: 1394-1399. 

5. Marra MA, Jones SJ, Astell CR, Holt RA, Brooks-Wilson A, et al. (2003) The 
genome sequence of the SARS-associated coronavirus. Science 300: 1399- 
1404. 

6. Peiris JS, Guan Y, Yuen KY (2004) Severe acute respiratory syndrome. Nat 
Med 10: S88-97. 

7. van der Hoek L, Pyre K, Jebbink MF, Vermeulen-Oost W, Berkhout RJ, et al. 
(2004) Identification of a new human coronavirus. Nat Med 10: 368-373. 

8. Woo PC, Lau SK, Chu CM, Chan KH, Tsoi HW, et al. (2005) Characterization 
and complete genome sequence of a novel coronavirus, coronavirus HKU, 
from patients with pneumonia. J Virol 79: 884-895. 

9. Drexler JF, Gloza-Rausch F, Glende J, Corman VM, Muth D, et al. (2010) 
Genomic characterization of severe acute respiratory syndrome-related 
coronavirus in European bats and classification of coronaviruses based on 
partial RNA-dependent RNA polymerase gene sequences. J Virol 84: 1336- 
11349. 

10. Butler D (2012) Clusters of coronavirus cases put scientists on alert. Nature 
492: 166-167. 

11. WHO (2014) Middle East respiratory syndrome coronavirus (MERS-CoV) 
summary and literature update-as of 20 January. WHO, Geneva, Switzerland. 

12. Disease Outbreak News (2014). 

13. Middle East respiratory syndrome coronavirus (MERS-CoV) - Republic of 
Korea (2015). 

14. Middle East Respiratory Syndrome (MERS) to the Far East: Hospital Associated 
Outbreak in South Korea - Re: Why the panic? South Korea-MERS response 
questioned (2015). 

15. Robert R (2014) Bangladesh has first MERS case. 

16. Landau E (2014) Florida MERS patient recovers. CNN. 

17. Middle East respiratory syndrome coronavirus (MERS-CoV) - China (2015). 

18. Thailand confirms first Mers case: Health ministry (2015). 

19. Philippines Confirms First Case of MERS. TIME (2015). 

20. Mers: South Korea closes 700 schools after third death (2015) 

21. Severe respiratory disease associated with Middle East respiratory syndrome 
coronavirus (MERS-CoV) (2015). 

22. Pan X, Wang L, Grundemann D, Sweet DH (2013) Interaction of Ethambutol 
with human organic cation transporters of the SLC22 family indicates potential 
for drug-drug interactions during antituberculosis therapy. Antimicrob Agents 
Chemother 57: 5053-5059. 


Med chem 

ISSN: 2161-0444 Med chem, an open access journal 


Volume 5(8): 361-372 (2015) - 370 



























Citation: Pillaiyar T, Manickam M, Jung SH (2015) Middle East Respiratory Syndrome-Coronavirus (MERS-CoV): An Updated Overview and Pharma- 
cotherapeutics. Med chem 5: 361-372. doi: 10.4172/2161-0444.1000287 


23. de Groot RJ, Baker SC, Baric R, Enjuanes L, Gorbalenya AE, et al. (2011) 
FamilyCoronaviridae. In AMQ King, E Lefkowitz, MJ Adams, and EB Carstens 
(Eds). Ninth Report of the International Committee on Taxonomy of Viruses. 
Elsevier, Oxford, pp. 806-828. 

24. International Committee on Taxonomy of Viruses (2010) ICTV Master Species 
List 2009. 10 (XLS). 

25. Chan JF, Lau SK, To KK, Cheng VC, Woo PC, et al. (2015) Middle East 
respiratory syndrome coronavirus: another zoonotic betacoronavirus causing 
SARS-like disease. Clin Microbiol Rev 28: 465-522. 

26. Zaki AM, van Boheemen S, BestebroerTM, Osterhaus AD, Fouchier RA (2012) 
Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N 
Engl J Med 372: 1814-1820. 

27. Eckerle I, Corman VM, Muller MA, Lenk M, Ulrich RG, et al. (2014) Replicative 
Capacity of MERS Coronavirus in Livestock Cell Lines. Emerg Infect Dis 20: 
276-279. 

28. Memish ZA, Mishra N, Olival KJ, Fagbo SF, Kapoor V, et al. (2013) Middle East 
respiratory syndrome coronavirus in bats, Saudi Arabia. Emerg Infect Dis 19: 
1819-1823. 

29. Breban R, Riou J, Fontanet A (2013) Interhuman transmissibility of Middle East 
respiratory syndrome coronavirus: estimation of pandemic risk. Lancet 382: 
694-699. 

30. Cotten M, Watson SJ, Kellam P, Al-Rabeeah AA, Makhdoom HQ, et al. 
(2013) Transmission and evolution of the Middle East respiratory syndrome 
coronavirus in Saudi Arabia: a descriptive genomic study. Lancet 382: 1993- 
2002 . 

31. Arabi YM, Harthi A, Hussein J, Bouchama A, Johani S, et al. (2015) Severe 
neurologic syndrome associated with Middle East respiratory syndrome corona 
virus (MERS-CoV). Infection 43: 495-501. 

32. Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, et al. (2005) The 
papain-like protease of severe acute respiratory syndrome coronavirus has 
deubiquitinating activity. J Virol 79: 15189-15198. 

33. Lau SK, Woo PC, Li KS, Huang Y, Tsoi HW, et al. (2005) Severe acute 
respiratory syndrome coronavirus-like virus in Chinese horseshoe bats. Proc 
Natl Acad Sci USA 102: 14040-14045. 

34. Li W, Shi Z, Yu M, Ren W, Smith C, et al. (2005) Bats are natural reservoirs of 
SARS-like coronaviruses. Science 310: 676-679. 

35. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, et al. (2003) Angiotensin¬ 
converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 
426: 450-454. 

36. Williams RK, Jiang GS, Holmes KV (1991) Receptor for mouse hepatitis virus 
is a member of the carcinoembryonic antigen family of glycoproteins. Proc Natl 
Acad Sci USA 88: 5533-5536. 

37. Yeager CL, Ashmun RA, Williams RK, Cardellichio CB, Shapiro LH, et al. 
(1992) Human aminopeptidase N is a receptor for human coronavirus 229E. 
Nature 357: 420-422. 

38. Delmas B, Gelfi J, L'Haridon R, Vogel LK, Sjostrom H, et al. (1992) 
Aminopeptidase N is a major receptor for the entero-pathogenic coronavirus 
TGEV. Nature 357: 417-420. 

39. Raj VS, Mou H, Smits SL, Dekkers DH, Muller MA, et al. (2013) Dipeptidyl 
peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. 
Nature 495: 251-254. 

40. Lu G, Hu Y, Wang Q, Qi J, Gao F, et al. (2013) Molecular basis of binding 
between novel human coronavirus MERS-CoV and its receptor CD26. Nature 
500: 227-231. 

41. Mou H, Raj VS, van Kuppeveld FJ, Rottier PJ, Haagmans BL, et al. (2013) 
The receptor binding domain of the new Middle East respiratory syndrome 
coronavirus maps to a 231-residue region in the spike protein that efficiently 
elicits neutralizing antibodies. J Virol 87: 9379-9383. 

42. Muller MA, Raj VS, Muth D, Meyer B, KalliesS, etal. (2012) Human coronavirus 
EMC does not require the SARS-coronavirus receptor and maintains broad 
replicative capability in mammalian cell lines. MBio 3: pii: e00515-12. 

43. Cockrell AS, Peck KM, Yount BL, Agnihothram SS, Scobey T, et al. (2014) 
Mouse dipeptidyl peptidase 4 is not a functional receptor for Middle East 
respiratory syndrome coronavirus infection. J Virol 88: 5195-5199. 


44. Lambeir AM, Durinx C, Scharpe S, De Meester I (2003) Dipeptidyl-peptidase 
IV from bench to bedside: an update on structural properties, functions, and 
clinical aspects of the enzyme DPP IV. Crit Rev Clin Lab Sci 40: 209-294. 

45. Boonacker E, Van Noorden CJ (2003) The multifunctional or moonlighting 
protein CD26/DPPIV. Eur J Cell Biol 82: 53-73. 

46. Jiang L, Wang N, Zuo T, Shi X, Poon KM, et al. (2014) Potent neutralization 
of MERS-CoV by human neutralizing monoclonal antibodies to the viral spike 
glycoprotein. Sci Transl Med 6: 234ra59. 

47. Ying T, Du L, Ju TW, Prabakaran P, Lau CCY, et al. (2014) Exceptionally 
potent neutralization of Middle East respiratory syndrome coronavirus by 
human monoclonal antibodies. J Virol 88: 7796-7805. 

48. Tang XC, Agnihothram SS, Jiao Y, Stanhope J, Graham RL, et al. (2014) 
Identification of human neutralizing antibodies against MERS-CoV and their 
role in virus adaptive evolution. Proc Natl Acad Sci USA 111: E2018-2026. 

49. Du L, Kou Z, Ma C, Tao X, Wang L, et al. (2013) A Truncated Receptor-Binding 
Domain of MERS-CoV Spike Protein Potently Inhibits MERS-CoV Infection and 
Induces Strong Neutralizing Antibody Responses: Implication for Developing 
Therapeutics and Vaccines. PLOS ONE 8: e81587. 

50. Blacklow SC, Lu M, Kim PS (1995) A trimeric subdomain of the simian 
immunodeficiency virus envelope glycoprotein. Biochemistry 34: 14955-14962. 

51. Lombardi S, Massi C, Indino E, LaRosa C, Mazzetti P, et al. (1996) Inhibition 
of feline immunodeficiency virus infection in vitro by envelope glycoprotein 
synthetic peptides. Virology 220: 274-284. 

52. Watanabe S, Takada A, Watanabe T, Ito H, Kida H, et al. (2000) Functional 
importance of the coiled-coil of the Ebola virus glycoprotein. J Virol 74: 10194- 
10201 . 

53. Wang N, Shi X, Jiang L, Zhang S, Wang D, et al. (2013) Structure of MERS- 
CoV spike receptor-binding domain complexed with human receptor DPP4. 
Cell Res 23: 986-993. 

54. Gao J, Lu G, Qi J, Li Y, Wu Y, et al. (2013) Structure of the fusion core and 
inhibition of fusion by a heptad repeat peptide derived from the S protein of 
Middle East respiratory syndrome coronavirus. J Virol 87: 13134-13140. 

55. Lu L, Liu Q, Zhu Y, Chan KH, Qin L, et al. (2014) Structure-based discovery 
of Middle East respiratory syndrome coronavirus fusion inhibitor. Nat Commun 
5: 3067. 

56. Dyall J, Coleman CM, Hart BJ, Venkataraman T, Holbrook MR, et al. (2014) 
Repurposing of clinically developed drugs for treatment of Middle East 
respiratory syndrome coronavirus infection. Antimicrob Agents Chemother 58: 
4885-4893. 

57. de Wilde AH, Jochmans D, Posthuma CC, Zevenhoven-Dobbe JC, van 
Nieuwkoop S, et al. (2014) Screening of an FDA-approved compound library 
identifies four small-molecule inhibitors of Middle East respiratory syndrome 
coronavirus replication in cell culture. Antimicrob Agents Chemother 58: 4875- 
4884. 

58. Bosch BJ, Bartelink W, Rottier PJ (2008) Cathepsin L functionally cleaves the 
severe acute respiratory syndrome coronavirus class I fusion protein upstream 
of rather than adjacent to the fusion peptide. J Virol 82: 8887-8890. 

59. Chu J J, Ng ML (2004) Infectious entry of West Nile virus occurs through a 
clathrin-mediated endocytic pathway. J Virol 78: 10543-10555. 

60. Joki-Korpela P, Marjomaki V, Krogerus C, Heino J, Hyypia T (2001) Entry of 
human parechovirus 1. J Virol 75: 1958-1967. 

61. Krizanova O, Ciampor F, Veber P (1982) Influence of chlorpromazine on the 
replication of influenza virus in chick embryo cells. Acta Virol 26: 209-216. 

62. Nawa M, Takasaki T, Yamada K, Kurane I, Akatsuka T (2003) Interference in 
Japanese encephalitis virus infection of Vero cells by a cationic amphiphilic 
drug, chlorpromazine. J Gen Virol 84: 1737-1741. 

63. Pho MT, Ashok A, Atwood WJ (2000) JC virus enters human glial cells by 
clathrin-dependent receptor-mediated endocytosis. J Virol 74: 2288-2292. 

64. Liu Q, Xia S, Sun Z, Wang Q, Du L, et al. (2015) Testing of Middle East 
respiratory syndrome coronavirus replication inhibitors for the ability to block 
viral entry. Antimicrob Agents Chemother 59: 742-744. 

65. Brass AL, Huang 1C, Benita Y, John SP, Krishnan MN, et al. (2009) The IFITM 
proteins mediate cellular resistance to influenza A HI N1 virus, West Nile virus, 
and dengue virus. Cell 139: 1243-1254. 


Med chem 

ISSN: 2161-0444 Med chem, an open access journal 


Volume 5(8): 361-372 (2015) - 371 




Citation: Pillaiyar T, Manickam M, Jung SH (2015) Middle East Respiratory Syndrome-Coronavirus (MERS-CoV): An Updated Overview and Pharma- 
cotherapeutics. Med chem 5: 361-372. doi: 10.4172/2161-0444.1000287 


66. Perreira JM, Chin CR, Feeley EM, Brass AL (2013) IFITMs restrict the 
replication of multiple pathogenic viruses. J Mol Biol 425: 4937-4955. 

67. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, et al. (2011) A 
diverse range of gene products are effectors of the type I interferon antiviral 
response. Nature 472: 481-485. 

68. Bertram S, Dijkman R, Habjan M, Heurich A, Gierer S, et al. (2013) TMPRSS2 
activates the human coronavirus 229E for cathepsin-independent host cell 
entry and is expressed in viral target cells in the respiratory epithelium. J Virol 
87: 6150-6160. 

69. Huang 1C, Bailey CC, Weyer JL, Radoshitzky SR, Becker MM, et al. (2011) 
Distinct patterns of IFITM-mediated restriction of filoviruses, SARS coronavirus, 
and influenza A virus. PLoS Pathog 7: el 001258. 

70. Feeley EM, Sims JS, John SP, Chin CR, Pertel T, et al. (2011) IFITM3 inhibits 
influenza A virus infection by preventing cytosolic entry. PLoS Pathog 7: 
el 002337. 

71. Li K, Markosyan RM, Zheng YM, Golfetto O, Bungart B, et al. (2013) IFITM 
proteins restrict viral membrane hemifusion. PLoS Pathog 9: el 003124. 

72. Desai TM, Marin M, Chin CR, Savidis G, Brass AL, et al. (2014) IFITM3 restricts 
influenza A virus entry by blocking the formation of fusion pores following virus- 
endosome hemifusion. PLoS Pathog 10: el 004048. 

73. Wrensch F, Winkler M, Pohlmann S (2014) IFITM proteins inhibit entry driven 
by the MERS-coronavirus spike protein: evidence for cholesterol-independent 
mechanisms. Viruses 6: 3683-3698. 

74. Faure E, Poissy J, Goffard A, Fournier C, Kipnis E, et al. (2014) Distinct 
immune response in two MERS-CoV-infected patients: can we go from bench 
to bedside? PLoS One 9: e88716. 

75. Chan RW, Chan MC, Agnihothram S, Chan LL, Kuok Dl, et al. (2013) Tropism 
of and innate immune responses to the novel human betacoronavirus lineage 
C virus in human ex vivo respiratory organ cultures. J Virol 87: 6604-6614. 

76. Loutfy MR, Blatt LM, Siminovitch KA, Ward S, Wolff B, et al. (2003) Interferon 
alfacon-1 plus corticosteroids in severe acute respiratory syndrome: a 
preliminary study. JAMA 290: 3222-3228. 

77. Public Health England, International Severe Acute Respiratory and Emerging 
Infections Consortium Treatment of MERS-CoV: information for clinicians. 
Clinical decision-making support for treatment of MERS-CoV patients (2014). 

78. Hui DS, Chan PK (2010) Severe acute respiratory syndrome and coronavirus. 
Infect Dis Clin North Am 24: 619-638. 

79. Chan JF, Chan KH, Kao RY, To KK, Zheng BJ, et al. (2013) Broad-spectrum 
antivirals for the emerging Middle East respiratory syndrome coronavirus. J 
Infect 67: 606-616. 

80. Falzarano D, de Wit E, Martellaro C, Callison J, Munster VJ, et al. (2013) 
Inhibition of novel |3 coronavirus replication by a combination of interferon-a2b 
and ribavirin. Sci Rep 3: 1686. 

81. AI-Tawfiq JA, Momattin H, Dib J, Memish ZA (2014) Ribavirin and interferon 
therapy in patients infected with the Middle East respiratory syndrome 
coronavirus: an observational study. Int J Infect Dis 20: 42-46. 

82. Lee H, Lei H, Santarsiero BD, Gatuz JL, Cao S, et al. (2015) Inhibitor 
Recognition Specificity of MERS-CoV Papain-like Protease May Differ from 
That of SARS-CoV. ACS Chem Biol 10: 1456-1465. 

83. Ghosh AK, Takayama J, Aubin Y, Ratia K, Chaudhuri R, et al. (2009) Structure- 
based design, synthesis, and biological evaluation of a series of novel and 
reversible inhibitors for the severe acute respiratory syndrome-coronavirus 
papain-like protease. J Med Chem 52: 5228-5240. 

84. Ghosh AK, Takayama J, Rao KV, Ratia K, Chaudhuri R, et al. (2010) Severe 
acute respiratory syndrome coronavirus papain-like novel protease inhibitors: 
design, synthesis, protein-ligand X-ray structure and biological evaluation. J 
Med Chem 53: 4968-4979. 

85. BAjez-Santos YM, Barraza SJ, Wilson MW, Agius MP, Mielech AM, et al. 
(2014) X-ray structural and biological evaluation of a series of potent and highly 
selective inhibitors of human coronavirus papain-like proteases. J Med Chem 
57:2393-2412. 

86. Ratia K, Pegan S, Takayama J, Sleeman K, Coughlin M, et al. (2008) A 
noncovalent class of papain-like protease/deubiquitinase inhibitors blocks 
SARS virus replication. Proc Natl Acad Sci USA 105: 16119-16124. 

87. Cheng KW, Cheng SC, Chen WY, Lin MH, Chuang SJ, et al. (2015) Thiopurine 


analogs and mycophenolic acid synergistically inhibit the papain-like protease 
of Middle East respiratory syndrome coronavirus. Antiviral Res 115: 9-16. 

88. Ren Z, Yan L, Zhang N, Guo Y, Yang C, et al. (2013) The newly emerged 
SARS-like coronavirus HCoV-EMC also has an "Achilles' heel": current 
effective inhibitor targeting a 3C-like protease. Protein Cell 4: 248-250. 

89. Shie J J, Fang JM, Kuo TH, Kuo CJ, Liang PH, et al. (2005) Inhibition of the 
severe acute respiratory syndrome 3CL protease by peptidomimetic alpha,beta- 
unsaturated esters. Bioorg Med Chem 13: 5240-5252. 

90. Liang PH (2006) Characterization and inhibition of SARS-coronavirus main 
protease. Curr Top Med Chem 6: 361-376. 

91. Ghosh AK, Xi K, Ratia K, Santarsiero BD, Fu W, et al. (2005) Design and 
synthesis of peptidomimetic severe acute respiratory syndrome chymotrypsin- 
like protease inhibitors. J Med Chem 48: 6767-6771. 

92. Turlington M, Chun A, Tomar S, Eggler A, Grum-Tokars V, et al. (2013) 
Discovery of N-(benzo[,2,3]triazol-1 -yl)-N-(benzyl)acetamido)phenyl) 
carboxamides as severe acute respiratory syndrome coronavirus (SARS-CoV) 
3CLpro inhibitors: identification of ML300 and noncovalent nanomolar inhibitors 
with an induced-fit binding. Bioorg Med Chem Lett 23: 6172-6177. 

93. Ghosh AK, Xi K, Grum-Tokars V, Xu X, Ratia K, et al. (2007) Structure-based 
design, synthesis, and biological evaluation of peptidomimetic SARS-CoV 
3CLpro inhibitors. Bioorg Med Chem Lett 17: 5876-5880. 

94. Tomar S, Johnston ML, St John SE, Osswald HL, Nyalapatla PR, et al. (2015) 
Ligand-induced Dimerization of Middle East Respiratory Syndrome (MERS) 
Coronavirus nsp5 Protease (3CLpro): implications for nsp5 regulation and the 
development of antivirals. J Biol Chem 290: 19403-19422. 

95. Ghosh AK, Gong G, Grum-Tokars V, Mulhearn DC, Baker SC, et al. (2008) 
Design, synthesis and antiviral efficacy of a series of potent chloropyridyl ester- 
derived SARS-CoV 3CLpro inhibitors. Bioorg Med Chem Lett 18: 5684-5688. 

96. Deng X, StJohn SE, Osswald HL, O'Brien A, Banach BS, et al. (2014) 
Coronaviruses resistant to a 3C-like protease inhibitor are attenuated for 
replication and pathogenesis, revealing a low genetic barrier but high fitness 
cost of resistance. J Virol 88: 11886-11898. 

97. Adedeji AO, Singh K, Kassim A, Coleman CM, Elliott R, et al. (2014) Evaluation 
of SSYA10-001 as a replication inhibitor of severe acute respiratory syndrome, 
mouse hepatitis, and Middle East respiratory syndrome coronaviruses. 
Antimicrob Agents Chemother 58: 4894-4898. 

98. Adedeji AO, Singh K, Calcaterra NE, DeDiego ML, Enjuanes L, et al. (2012) 
Severe acute respiratory syndrome coronavirus replication inhibitor that 
interferes with the nucleic acid unwinding of the viral helicase. Antimicrob 
Agents Chemother 56: 4718-4728. 

99. Lundin A, Dijkman R, Bergstrom T, Kann N, Adamiak B, et al. (2014) Targeting 
membrane-bound viral RNA synthesis reveals potent inhibition of diverse 
coronaviruses including the middle East respiratory syndrome virus. PLoS 
Pathog 10: e1004166. 

100. Kindler E, Jonsdottir HR, Muth D, Hamming OJ, Hartmann R, et al. (2013) 
Efficient replication of the novel human betacoronavirus EMC on primary 
human epithelium highlights its zoonotic potential. MBio 4: e00611-00612. 

101. de Wit E, Prescott J, Baseler L, Bushmaker T, Thomas T, et al. (2013) The 
Middle East respiratory syndrome coronavirus (MERS-CoV) does not replicate 
in Syrian hamsters. PLoS One 8: e69127. 

102. Yao Y, Bao L, Deng W, Xu L, Li F, et al. (2014) An animal model of MERS 
produced by infection of rhesus macaques with MERS coronavirus. J Infect 
Dis 209: 236-242. 

103. Coleman CM, Matthews KL, Goicochea L, Frieman MB (2014) Wild-type 
and innate immune-deficient mice are not susceptible to the Middle East 
respiratory syndrome coronavirus. J Gen Virol 95: 408-412. 


Med chem 

ISSN: 2161-0444 Med chem, an open access journal 


Volume 5(8): 361-372 (2015) - 372 




